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a.  Objective 

The  objective  of  this  project  was  to  examine  the  relationships 
between  several  metabolic  capabilities  acquired  by  activated 
macrophages  (destructive  catabolism  of  antigen,  generation  of 
reactive  oxygen  intermediates  after  appropriate  stimulation,  and 
generation  of  thiols)  and  the  key  biological  functions  of 
macrophages  (anti-tumor  and  anti-microbial  activity  and  processing 
and  presenting  antigen  to  initiate  specific  immune  responses). 

The  project  was  conducted  essentially  as  proposed,  except  that 
reactive  nitrogen  intermediates  (as  indicated  by  the  presence  of 
nitrite  ions  in  the  culture  medium)  were  examined  instead  of 
destructive  catabolism  of  antigen  or  reactive  oxygen  intermediates 
as  a  possible  modulator  of  key  biological  functions.  This  change  was 
based  on  several  reports  indicating  the  importance  o,'  nitrogen 
oxides  in  the  cytostatic  or  cytotoxic  action  of  macrophages  on  some 
tumor  cells  and  microbes  (1,2,3).  In  addition,  production  of  nitrates 
and  nitrites  by  primed  or  activated  macrophages  does  not  require  a 
respiratory  burst-triggering  stimulus  (4),  and  is  more  likely  to 
occur  concomitantly  with  key  biological  functions  than  those 
metabolic  activities  which  require  triggering.  The  only  other 
deviation  from  the  initial  proposal  was  the  use  of  multiple  mouse 
strains  (C3H/HeN,  DBA/2J,  Baib/c,  and  CD-I)  instead  of  multiple 
eliciting  agents  ( Salmonella  typhimurium  and  lipopolysaccharide)  to 
generate  macrophages  with  various  metabolic  and  biological 
capabilities. 

Additional  experiments  not  described  in  the  original  proposal 
were  done  to  assess  the  relevance  of  nitrites  and  nitrates  as 
biological  mediators  produced  by  human  neutrophils.  Substantial 
nitrite  production  by  inflammatory  neutrophils  from  rats  has  been 
reported,  and  it  has  been  suggested  that  nitrates  may  be  an 
important  mediator  of  anti-microbial  activity  and/or  tissue  damage 
(5).  A  novel  assay  for  neutrophil  viability  and  respiratory  burst 
activity  was  developed,  and  nitrite  production  by  neutrophils  from 
several  donors  was  examined  in  response  to  several  activating  and 
triggering  agents. 

b.  Status  of  Research  Effort 

1.  Experimental  Design  and  Procedures 

Mice -  All  mice  were  females  and  were  obtained  from  Charles 
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River  Labs.  According  to  the  supplier,  the  mice  were  free  of 
antibodies  to  common  mouse  viruses  Animals  were  6-12  weeks  of 
age  when  used  in  experiments. 

Isolation  and  Culture  of  Macrophages -  For  isolation  of  proteose 
peptone-elicited  macrophages,  1.5ml  of  sterile  proteose  peptone 
(Difco  Labs)  broth  was  injected  intraperitoneally.  Three  days  later, 
macrophages  were  obtained  by  peritoneal  gavage  with  8mi  of  ice 
cold  RPMI  1640.  Macrophages  from  10-25  mice  were  pooled,  washed 
twice  and  resuspended  in  RPMI  1640  which  contained  5%  fetal  bovine 
serum  and  penicillin  (100U/ml)/streptomycin  (0.1mg/m!)(complete 
medium).  To  assess  anti-bacterial  activity  in  the  absence  of  L- 
arginine,  some  cultures  were  washed  with  L-arginine-free  RPMI 
1640  (Selectamine  Kit,  Gibco  Biological)  and  incubated  for  1  hour  in 
this  medium  prior  to  anti-bacterial  assays.  The  anti-bacterial 
assays  were  then  performed  in  RPMI  1640  with  or  without  L- 
arginine  and  with  5%  fetal  bovine  serum.  Isolation  of  resident 
peritoneal  macrophages  was  done  in  the  same  way,  but  mice  were 
not  pre-treated  with  proteose  peptone.  Cell  number  was  determined 
by  hemocytometer,  and  differential  staining  (Cameo  Quick  Stain  II, 
Baxter  Scientific)  was  used  to  determine  the  percentage  of 
macrophages  in  the  cell  suspension.  This  value  varied  among  the 
strains  used  and  between  resident  and  elicited  cells,  but  was  in  the 
range  of  60-90%  in  all  experiments.  Macrc  phages  were  allowed  to 
adhere  to  the  wells  of  microtiter  plates  for  2  hours  at  37C,  and 
other  cells  were  removed  by  two  washes  with  complete  medium. 

The  number  of  macrophages  added  per  well  was  determined  on  the 
basis  of  the  total  cell  density  and  the  percentage  of  macrophages  in 
the  suspension.  The  fetal  bovine  serum  and  culture  medium  used  in 
this  study  contained  less  than  0.09ng/m!  of  endotoxin.  As  noted  in 
subsequent  sections,  increased  thiol  production  by  macrophages  in 
response  to  activation  stimuli  is  a  very  consistent  phenomenon.  In 
two  experiments,  the  thiol  production  by  unactivated  macrophages 
was  higher  than  normal  and  was  not  increased  further  by  activation 
stimuli.  This  was  taken  as  an  indication  of  an  unapparent  infection 
in  the  mice  or  endotoxin  contamination  in  culture,  and  the  results  of 
those  experiments  were  considered  invalid  and  are  not  reported. 

Activation  of  Macrophages  In  Culture-  A  lymphokine-rich 
supernatant  fluid  (LK  SUP)  was  obtained  by  stimulating  splenocytes 
(5x106/ml)  from  C3H/HeN  rr.lee  with  concanavalin  A  (5pg/ml)  for  24 
hours.  A  control  supernatant  fluid  (GONT.  SUP)  was  obtained  by 
adding  an  equivalent  amount  of  concanavalin  A  to  untreated 
splenocytes  at  the  end  of  the  24  hour  culture  and  harvesting  the 
supernatant  5  minutes  later.  Purified  recombinant  murine 
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interferon-gamma  (IFN)  was  kindiy  provided  by  Genentech,  Inc. 
Lipopoiysaccharide  (LPS)  derived  from  Escherichia  coli  011:B  was 
purchased  from  Sigma  Chemical  Co.  and  was  used  at  a  final 
concentration  of  lOng/ml  in  a!l  experiments.  For  a!!  procedures 
except  the  tumor  cytoiysis  assay,  macrophages  were  activated  for 
20  hours  in  culture  with  the  appropriate  activating  agent(s)  before 
being  examined  in  functional  assays.  For  the  tumor  cytoiysis  assay, 
macrophages  were  activated  in  culture  for  4  hours  before  addition  of 
radiolabeled  tumor  cells.  The  activating  agent(s)  remained  in  the 
culture  during  the  16  hour  incubation  for  tumor  cytoiysis.  Thus,  by 
the  end  of  the  tumor  cytoiysis  assay  the  macrophages  had  been 
exposed  to  activating  agent{s)  for  approximately  the  same  period  of 
time  as  in  the  other  assays. 

Assays  of  Macrophage  Metabolic  and  lmrr>  ,,  logical  Activity- 

All  assays  were  performed  in  triplicate  in  96-well  flat  bottom 
microtiter  plates.  Thiols  in  macrophage  culture  supernates  were 
quantitated  by  our  modification  of  .he  DTNB  method  (6).  Hydrogen 
peroxide  was  measured  by  spectrophotometric  determination  of  the 
oxidation  of  phenol  red  by  culture  supernates  (7).  For  these  assays, 
macrophages  were  cultured  at  8x105/wel!  (0.2ml/well)  with 
activating  agents  for  20  hours  then  washed  and  supplied  with  fresh 
culture  medium  (200pl/well).  Phorbol  myristate  acetate  (PMA, 
200nM,  final  concentration)  was  added  to  some  wells  to  trigger  the 
respiratory  burst.  Hydrogen  peroxide  was  assayed  1  hour  after 
addition  of  PMA,  and  thiols  were  assayed  3  or  4  hours  after  addition 
of  PMA. 

Tumor  cytoiysis  was  assessed  by  measuring  the  release  of  51  Cr 
from  labeled  P815  tumor  cells  (6x104/well)  16  hours  after  they 
were  added  to  wells  containing  4x1 05,  2x1 05,  or  1x10s  macrophages. 
The  ability  of  macrophages  to  kill  the  intracellular  pathogen 
Listeria  monocytogenes  (Strain  EGD,  American  Type  Culture 
Collection)  was  assessed  essentially  as  described  by  Kagaya  et  al. 
(8).  Briefly,  bacteria  (approximately  1Q6/we!l)  were  added  to 
macrophages  (3x1Q5/well)  in  the  presence  of  10%  normal  mouse 
serum.  After  two  hours  at  37C,  the  monolayers  were  washed  three 
times  with  complete  medium  to  remove  extracellular  bacteria. 
Macrophages  were  lysed  with  distilled  water  immediately  or  after 
an  additional  5  hour  incubation  at  37C,  and  viable  intracellular 
bacteria  were  quantitated  by  the  spread  plate  method.  In  some 
experiments,  culture  supernates  (100pl)  were  obtained  from  wells 
to  which  bacteria  were  added  as  well  as  from  replicate  wells 
without  bacteria,  and  nitrites  were  quantitated  using  the  Greiss 
reagent  as  described  by  Keller  et  al.  (1). 
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The  ability  of  macrophages  to  process  and  present  antigen  was 
assessed  using  the  ovalbumin-specific,  H-2k  restricted  T  cell 
hybridoma  3D026.1  (kindly  provided  by  Dr.  P.  Marrack)  (9).  Following 
exposure  to  activating  agent(s)  for  20  hours,  macrophage  monolayers 
(105/well)  were  washed  and  incubated  for  6  hours  with  ovalbumin 
(1  mg/ml  in  complete  medium)  to  allow  time  for  antigen  processing 
and  presentation.  The  cells  were  washed  three  times  with  Hank’s 
balanced  salt  solution  (HBSS)  and  fixed  for  30  sec.  with  0.05% 
glutaraldeyde  in  HBSS.  This  step  was  necessary  to  prevent  lysis  of 
the  T  cell  hybridoma  by  the  most  highly  activated  macrophages  (10). 
After  removal  of  the  gfutaraldehyde  solution,  the  macrophages  were 
washed  with  a  0.1  M  lysine  solution  and  10s  3D026.1  cells  in  200pl 
complete  medium  were  added  to  each  well.  When  antigen  in 
association  with  the  appropriate  MHC  protein  is  presented  to  these 
cells,  they  respond  by  producing  Interleukin  2  (IL2).  IL2  in  culture 
supernates  was  measured  by  its  ability  to  support  the  survival  and 
growth  of  an  ll.2-dependent  ceil  line,  CTLL-2  (11). 

All  assays  were  performed  with  duplicate  or  triplicate  samples 
and  results  are  reported  as  means±standard  deviation.  Statistical 
analysis  (Student's  t  test)  was  performed  on  all  data,  but  significant 
differences  are  generally  obvious  .  To  simplify  data  presentation, 
statistics  are  not  reported. 

2.  Results  and  Discussion 

The  data  in  Figure  1  demonstrate  the  ability  of  a  priming  agent 
(lymphokine-rich  splenocyte  supernate,  LK  SUP),  a  second  signal 
(LPS),  and  a  combination  of  the  two  to  enhance  thiol  production  in  24 
hour  cultures  of  proteose  peptone-elicited  macrophages  from 
C3H/HeN  mice.  This  extends  our  findings  (6)  and  those  of  two  other 
groups  of  investigators  that  elicitation  in  vivo  or  treatment  with 
LPS  or  tumor  necrosis  factor  in  vitro  increases  thiol  production  by 
macrophages  (12,  13).  The  function  of  increased  thiol  production  is 
not  known,  but  it  has  been  suggested  that  it  may  serve  to  protect 
macrophages  and  other  ceils  in  the  area  from  the  reactive  oxygen 
intermediates  produced  during  the  respiratory  burst  (14)  or  to 
provide  lymphocytes  with  a  limiting  nutrient  (cysteine)(13).  The 
signal  transduction  pathway(s)  leading  to  enhanced  cystine 
uptake/thiol  release  are  not  known.  In  this  study,  the  relationship 
of  the  induction  pathway  for  this  response  and  other  responses  of 
activated  macrophages  were  examined  by  assessing  these  responses 
simultaneously  in  several  distinct  populations  of  macrophages.  In 
addition,  consistent  co-induction  of  functions  was  used  as  an 
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FIGURE  1.  Production  of  thiols  in  24  hour  cultures  by  proteose- 
peptone-elicited  macrophages  from  C3H/HeN  mice.  Macrophages  (ai 
the  indicated  number  per  well  in  0.2  ml)  were  activated  with  a 
lymphokine-rich  supernate  of  concanavalin  A-stimulated 
spienocytes  (LK  SUP),  with  lipopolysaccharide  (LPS),  or  with  a 
combination.  LK  SUP  in  this  and  all  subsequent  experiments  was 
used  at  a  final  concentration  of  20%  of  the  culture  medium.  LPS  in 
this  experiment  and  all  subsequent  experiments  was  used  at  a  final 
concentration  of  10ng/m!.  This  concentration  was  selected  because 
it  is  sufficient  to  function  as  a  second  signal  for  the  induction  of 
tumor  cytoiysis,  but  not  sufficient  to  induce  this  or  other  functions 
alone.  Unactivated  cultures  were  treated  with  complete  medium. 
Activating  agents  remained  in  the  cultures  for  the  entire  24  hour 
culture  period.  The  results  are  reported  as  means±standard 
deviation  for  triplicate  cultures. 
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indicator  of  possible  common  biochemical  pathways  or  mechanisms, 
whereas  dissociation  of  two  functions  (induction  of  one  function  and 
failure  to  induce  the  other  function)  was  used  as  a  conclusive 
indicator  of  the  independence  of  these  functions. 

The  first  series  of  assays  were  conducted  using  proteose 
peptone-elicited  macrophages  from  C3H/HeN  mice.  Three 
parameters  were  examined  in  each  of  two  independent  experiments 
(Figures  2  and  3).  As  expected,  LK  SUP  with  LPS  enhanced  the 
production  of  thiols  and  the  PMA-induced  production  of  HzC>2- 
Control  SUP,  which  contains  concanavalin  A,  enhanced  both  of  these 
parameters  to  a  lesser  extent.  Thiol  levels  were  lower  in 
macrophage  cultures  in  which  the  respiratory  burst  was  triggered  by 
PMA.  Exogenous  cysteine  is  oxidized  more  rapidly  in  PMA-treated 
cultures  than  in  control  cultures  or  in  medium  alone  (results  not 
shown).  Therefore,  the  decreased  thiol  levels  observed  in  PMA- 
treated  cultures  in  this  and  subsequent  experiments  may  be  due  to 
oxidation  of  thiols  by  reactive  oxygen  compounds  produced  during 
the  respiratory  burst.  It  is  also  possible  that  PMA-stimulat&d 
macrophages  generate  less  thiols  than  non-triggered  cells. 
Macrophages  activated  by  LK  SUP  with  LPS  acquire  the  ability  to 
lyse  P815  tumor  cells.  In  these  sets  of  experiments,  all  functions 
tested  were  similarly  induced  by  the  agents  used.  Therefore,  these 
experiments  are  consistent  with  the  possibility  that  these  three 
functions  share  a  common  signal  transduction  pathway. 

Figure  4  shows  the  results  of  two  experiments  which  illustrate 
the  ability  of  proteose  peptone  elicited  macrophages  from  C3H/HeN 
mice  to  kill  Listeria  monocytogenes.  Unactivated  macrophages  as 
well  as  macrophages  exposed  to  LK  SUP  or  IFN  with  or  without  LPS 
effectively  killed  the  bacteria.  Exposure  of  macrophages  to  LK  SUP 
with  LPS  or  IFN  (500U/mi)  with  LPS  increased  the  number  of  viable 
intracellular  bacteria  detected  at  2  hours  and  7  hours  after  the 
bacteria  were  added.  This  seems  to  be  support  the  date  of  Campbell 
et  al.  (15)  which  indicate  that  proteose  peptone-elicited 
macrophages  lose  their  antibacterial  activity  when  exposed  to  IFN. 
However,  in  our  assay  system,  the  number  of  bacteria  present  in  the 
macrophages  after  two  hours  of  culture  reflects  the  number 
phagocytized  as  well  as  the  number  killed.  Since  extracellular 
bacteria  are  washed  away  at  the  2  hour  time  point,  the  change  in 
bacterial  numbers  from  2  to  7  hours  only  reflects  the  fate  of 
intracellular  or  macrophage-bound  bacteria.  Therefore,  the 
increased  numbers  of  bacteria  in  cultures  exposed  to  LK  SUP  with 
LPS  or  IFN  with  LPS  may  be  the  result  of  increased  phagocytosis,  not 
decreased  bacterial  killing.  Evidence  for  enhancement  of 
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FIGURES  2  and  3.  Assessment  of  selected  functions  of  proteose 
peptone-elicited  macrophages  from  CO!  !/!  !sM  mice.  These  are  the 
results  of  two  independent  sets  of  experiments.  In  each  experiment, 
thiol  production  (three  hours  after  washing  to  remove  thiols  which 
accumulated  during  the  activation  period),  H2O2  production  in 
response  to  a  triggering  agent  (phorbol  myristate  acetate,  PMA),  and 
ability  to  lyse  tumor  cells  (P815  mastocytoma)  were  measured.  The 
assays  were  done  with  pooled  macrophages  and  were  timed  so  the 
end  points  would  coincide  and  the  time  of  exposure  to  activation 
stimuli  would  be  similar  (20  hours).  The  results  presented  are 
meanststandard  deviation  for  triplicate  cultures.  Spontaneous 
release  in  the  tumor  cytolysis  assay  was  33.5%  in  Figure  2  and  20% 
in  Figure  3. 
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FIGURE  4  Killing  of  Listeria  monocytogenes  by  proteose  peptone- 
elicited  macrophages  from  C3H/HeN  mice.  Results  of  two 
independent  experiments  are  shown.  In  the  upper  panel,  macrophages 
were  allowed  to  adhere  to  microtiter  plates,  washed,  and  bacteria  in 
5%  normal  mouse  serum  medium  were  added.  After  2  hours  all  wells 
were  washed  three  times  with  complete  medium  to  remove 
extracellular  bacteria.  The  macrophages  in  some  wells  were 
immediately  lysed  with  distilled  water  and  the  bacteria  enumerated 
by  the  spread  plate  method.  This  procedure  was  repeated  at  3  and 
4.5  hours.  In  the  lower  panel,  the  macrophages  were  activated  with 
the  indicated  agents  for  18  hours  before  addtion  of  bacteria.  Values 
shown  are  means±standard  deviation  for  duplicate  cultures,  except 
for  the  2  hour  numbers  in  the  lower  panel,  for  which  only  one  culture 
was  available. 
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phagocytosis  by  LPS  has  been  reported  (16)  and  would  be  consistent 
with  our  results.  Further  support  for  this  possibility  can  be  found  in 
Figure  12  which  shows  the  growth  or  death  of  intracellular  Listeria 
monocytogenes  between  2  hours  and  7  hours  after  addition  of 
bacteria  for  all  experiments  in  this  study.  This  indicates  only  the 
rate  of  killing  or  growth  of  intracellular  bacteria,  not  the  rate  of 
phagocytosis.  For  proteose  peptone-elicited  C3H/HeN  macrophages, 
the  rate  of  killing  is  greater  in  cultures  containing  an  activating 
agent  plus  LPS  than  in  other  cultures.  Therefore,  the  increased 
number  of  intracellular  bacteria  at  2  hours  in  cultures  treated  with 
an  activating  agent  plus  LPS  is  probably  not  due  to  decreased  anti¬ 
bacterial  activity,  but  to  increased  phagocytosis.  In  fact,  cultures 
treated  with  LK  SUP  or  IFN  along  with  LPS  killed  bacteria  at  a  rate 
2-4  times  greater  than  unactivated  cells  (Figure  12).  IFN  or  LK  sup 
alone  slightly  decreased  the  rate  of  killing  compared  to  unactivated 
cultures.  These  results  are  not  in  agreement  with  those  of  Campbell 
et  al.  (15),  who  found  that  activation  of  proteose  peptone-elicited 
macrophages  for  tumor  cytotoxicity  completely  abrogated  their 
ability  to  kill  intracellular  Listeria  monocytogenes.  This 
disagreement  is  probably  due  to  the  use  of  different  mouse  strains. 
Subsequent  results  in  this  study  will  demonstrate  a  remarkable 
interstrain  variation  with  regard  to  the  anti-listerial  activity  of 
unactivated  and  activated  macrophages.  The  results  shown  in  Figure 
4  show  that  LK  SUP  and  IFN  at  500U/ml  are  roughly  equivalent  in 
their  effects  on  macrophages  with  regard  to  anti-listerial  activity. 
This  is  consistent  with  reports  that  the  active  agent  in  LK  SUP  for 
induction  of  a  variety  of  functions  is  IFN-gamma  (17). 

The  results  shown  in  Figure  5  demonstrate  the  effects  of 
activation  on  4  functional  parameters  of  proteose  peptone-elicited 
macrophages  from  DBA/2  mice.  These  results  are  very  similar  to 
those  observed  for  macrophages  from  C3H/HeN  mice  (Figures  3  and 
4).  Figure  6  shows  the  results  of  a  separate  experiment  using 
proteose  peptone-elicited  macrophages  from  DBA/2  mice  in  which 
antigen  processing  and  presentation  and  tumor  cytotoxicity  were 
examined.  Although  it  is  generally  accepted  (18),  there  are  only  a 
few  studies  in  which  an  inverse  relationship  between  the  degree  of 
macrophage  activation  and  ability  to  present  antigen  have  been 
directly  demonstrated  (19).  There  are  at  least  three  possible 
explanations  for  this  phenomenon.  Highly  activated  macrophages 
may  destructively  catabolize  antigen  (19).  The  level  of  class  II  MHC 
protein  may  be  down-regulated  to  such  an  extent  that  antigen 
presentation  is  no  longer  effective  (20).  The  highly  activated 
macrophages  may  become  suppressive  by  killing  or  inhibiting  the 


13 


FIGURE  5.  Assessment  of  selected  functions  of  proteose  peptone- 
elicited  macrophages  from  DBA/2  mice.  Pooled  macrophages  were 
placed  in  microtiter  plates,  activated  with  the  indicated  agents  and 
tested  for  thiol  production  (three  hours  after  washing  and  adding 
fresh  medium),  H2O2  production  t  hour  after  addition  of  PMA,  lysis 
of  P815  tumor  cells  and  control  of  the  growth  of  Listeria 
monocytogenes.  Assays  were  timed  so  that  all  macrophages  were 
activated  for  approximately  the  same  period  of  time  (20  hours) 
before  the  assessment  of  the  various  endpoints.  Results  shown  are 
means±standard  deviation  for  triplicate  cultures.  Spontaneous 
release  of  label  in  the  tumor  cytotoxicity  assay  was  27%. 
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function  of  antigen-specific  lymphocytes  (21).  The  results 
presented  here  (Figures  6  and  7)  demonstrate  that  antigen 
processing/presenting  activity  is  essentially  eliminated  by  exposure 
of  macrophages  to  IFN  plus  LPS.  This  occurs  even  though  the 
macrophages  in  this  study  were  fixed  with  glutaraldehyde  so  that 
they  could  not  kill  or  inhibit  the  function  of  the  antigen  specific 
lymphocytes.  Additional  studies  are  needed  to  examine  the  other 
possible  mechanisms  for  this  effect.  It  is  interesting  that  IFN  alone 
induces  tumoricidal  activity,  whereas  LPS  must  be  present  as  well 
to  decrease  antigen  processing/presentation.  This  suggests  that 
tumor  cytolytic  activity  and  diminished  antigen  processing/activity 
may  result  from  the  activation  of  distinct  molecular  systems.  Thus, 
the  proteases  implicated  in  tumor  cytolysis  may  not  be  involved  in 
destructive  catabolism  of  antigen  and  consequent  decreases  in 
antigen  processing/presenting  activity.  The  simultaneous 
examination  of  these  two  parameters  in  the  same  experimental 
system  has  not  been  previously  reported,  and  this  system  should  be 
useful  in  future  studies  of  the  mechanisms  involved  in  these 
functions. 

The  results  shown  in  Figure  8  demonstrate  that  proteose 
peptone-elicited  macrophages  from  Balb/c  mice  are  different  in 
several  respects  from  those  of  C3H/HeN  and  DBA/2  mice.  Tumor 
cytolysis  was  evident  only  at  the  higher  effectoritarget  ratios, 
growth  of  Listeria  monocytogenes  was  not  prevented  by  unactivated 
or  activated  macrophages,  and  unactivated  macrophages  produced 
levels  of  H202  comparable  to  those  produced  by  activated 
macrophages.  Thiol  production  and  its  response  to  stimuli  was 
similar  to  that  for  the  other  strains  examined.  These  results 
support  previous  indications  that  tumor  cytolysis,  bactericidal 
activity  and  H2O2  production  do  not  share  common  pathways  or 
mechanisms,  even  though  they  may  be  induced  by  the  same  stimuli 
(15,  22,  23).  In  particular,  it  is  evident  that  the  capacity  to  produce 
H202,  and  the  ability  to  lyse  tumor  cells  do  not  confer  an  ability  to 
kill  Listeria  monocytogenes.  The  enhancement  of  thiol  production 
and  tumor  cytotoxicity  by  activating  agents  indicates  that  the 
Balb/c  macrophages  and  the  activating  agents  were  functional. 
Therefore,  the  failure  of  these  agents  to  induce  anti -bacterial 
activity  demonstrates  a  selective  deficiency  of  this  function  in  this 
mouse  strain.  This  is  consistent  with  the  fact  that  Balb/c  mice  are 
highly  suscep+ible  to  lethal  infection  with  Listeria  monocytogenes  , 
whereas  the  other  strains  used  in  this  study  are  more  resistant  (24). 

Recent  evidence  demonstrates  a  causal  relationship  between  the 
production  of  nitric  oxide  and  its  stable  products,  nitrite  and 


16 


FIGURES  6  and  7.  Assessment' of  antigen  processing  and 
presenting  activity  and  tumor  cytotoxicity  of  proteose  peptone- 
elicited  macrophages  from  DBA/2  mice.  In  Figure  6,  a  pooled 
population  of  macrophages  was  used  for  both  assays.  Antigen 
processing  and  presentation  was  assessed  by  exposing  activated  (or 
control,  unactivated)  macrophages  to  antigen  (ovalbumin)  for  6  hours 
to  allow  time  for  processing  and  presentation.  The  macrophages 
were  then  fixed  with  glutaraldehyde  and  ovalbumin-specific,  H-2 
restricted  T  cell  hybridoma  cells  (3D026.1)  were  added  to  the  wells. 
Appropriate  antigen  presentation  results  in  the  production  of 
Interleukin  2  by  these  cells.  The  interleukin  2  in  macrophage-T 
helper  hybridoma  supernates  was  measured  by  its  ability  to  support 
survival  and  growth  of  CTLL-2  cells  which  are  IL2-dependent.  The 
assays  were  timed  so  that  the  end  points  were  measured  after 
approximately  the  same  period  of  macrophage  activation  (20  hours). 
Figure  7  shows  the  results  of  an  independent  antigen 
processing/presentation  assay.  Values  shown  are  meanststandard 
deviation  for  triplicate  samples. 
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FIGURE  8.  Assessment  of  selected  functions  ot  proteose  peptone- 
elicited  macrophages  from  Balb/c  mice.  All  assays  except  control 
of  Listeria  monocytogenes  growth  were  performed  with  a  pooled 
macrophage  population.  The  an\\-Listeria  assay  was  performed 
within  one  week  of  the  other  assay  using  mice  from  the  same  group 
used  for  the  other  assays.  The  assays  were  timed  so  that  the 
measurements  were  made  at  approximately  the  same  time  after 
addition  of  activating  agents  {20  hours).  Values  shown  are 
meansistandard  deviation  for  triplicate  samples.  Spontaneous 
release  of  label  in  the  tumor  cytotoxicity  assay  was  30.2%. 
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nitrate,  and  the  cytostatic  activity  of  macrophages  toward  tumor 
cells,  yeasts,  and  protozoa  (1,  2,  3).  The  role  of  these  nitrogen 
oxides  in  bacteriostatic  or  bacteriocidal  activities  of  macrophages 
has  not  been  examined.  The  results  shown  in  Figures  9-11  indicate 
that  the  presence  or  absence  of  L-arginine  (the  only  known  precursor 
of  nitrogen  oxides){2)  can  affect  the  killing  of  Listeria 
monocytogenes.  However,  this  is  dependent  on  the  mouse  strain  and 
the  elicitation  and  activation  stimuli  and  cannot  be  completely 
explained  on  the  basis  of  the  concentration  of  nitrite  in  the  cultures. 
Resident  macrophages  from  CD-I  mice  (a  strain  which  is  moderately 
resistant  to  lethal  infection  with  Listeria  monocytogenes)(25) 
contained  greater  than  10-fold  more  viable  Listeria  when  cultured  in 
the  absence  of  L-arginine  than  when  cultured  in  the  presence  of  L- 
arginine  (Figure  9).  This  was  true  for  unactivated  macrophages  and 
for  macrophages  activated  with  IFN  or  IFN  plus  LPS.  Interestingly, 
these  activation  stimuli  caused  a  loss  of  bacteriocidal  activity 
(Figure  9).  Similar  results  have  been  reported  with  proteose 
peptone-elicited  macrophages  from  C57BI/6  x  DBA/2  FI  mice  (15). 
The  failure  of  activated  CD-I  macrophages  to  kill  Listeria  was  not 
due  to  a  failure  of  the  activating  agents  to  induce  nitrite  production. 
Nitrite  production  was  dramatically  increased  by  all  stimuli. 
Because  the  cultures  were  washed  prior  to  the  addition  of  bacteria, 
the  nitrite  concentrations  noted  in  Figure  9  reflect  only  nitrites 
produced  during  the  2  or  7  hours  after  addition  of  bacteria.  The 
concentrations  of  nitrites  in  cultures  which  were  used  to  assess 
anti-bacterial  activity  were  the  same  or  greater  than  those  in 
replicate  cultures  without  bacteria.  This  demonstrates  that  the 
addition  of  Listeria  did  not  inhibit  the  production  of  nitrites. 
Excluding  L-arginine  from  the  culture  medium  decreased  nitrite 
concentrations  in  all  cases,  and  there  was  a  concomitant  increase 
(greater  than  10-fold  in  most  cases)  in  viable  Listeria  at  2  hours 
and  7  hours.  However,  there  are  indications  that  the  increase  in 
bacterial  numbers  may  not  be  entirely  due  to  decreases  in  nitrite 
production.  For  example,  the  nitrite  concentration  at  2  hours  in  the 
arginine-free  cultures  treated  with  IFN  at  500U/ml  and  LPS  was 
8.40±0.66  pM.  A  similar  concentration  (9.22±0.14  pM)  was  noted  at 
2  hours  in  the  arginine-containing  culture  with  IFN  at  20U/ml,  yet 
the  concentration  of  Listeria  in  the  former  culture  was 
approximately  20-fold  greater  than  in  the  latter.  The  absence  of 
arginine  in  macrophage  cultures  for  7  hours  did  not  result  in  the 
death  or  generalized  dysfunction  of  the  cells.  This  is  indicated  by 
the  unaltered  bacteriocidal  activity  of  some  cultures  in  subsequent 
experiments  in  the  absence  of  arginine  (Figures  10  and  11).  These 
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FIGURES  9  and  10.  Effect  of  arginine  on  killing  of  Listeria 
monocytogenes  and  production  of  nitrite  by  resident  or  proteose 
peptone-elicited  macrophages  from  CD-I  mice.  Macrophages  were 
activated  for  18  hours  and  all  cultures  were  washed  to  remove 
nitrites  which  had  accumulated  during  the  activation  period. 

Listeria  monocytogenes  was  added  and  rwo  hours  later,  samples  of 
supernatant  fluid  were  obtained  and  assayed  for  nitrite,  and  the 
macrophages  were  washed  thoroughly  and  lysed  with  distilled  water 
to  release  Listeria  for  enumeration  by  the  spread  plate  method. 
Nitrites  in  replicate  macrophage  cultures  to  which  bacteria  had  not 
been  added  were  also  assayed.  This  process  was  repeated  7  hours 
after  the  addition  of  Listeria  using  another  sat  of  cultures.  Values 
shown  are  means±standard  deviation  for  triplicate  cultures. 
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results  point  to  the  possible  existence  of  an  arginine-dependent 
anti-bacterial  mechanism  in  addition  to  the  production  of  nitrogen 
oxides. 

The  results  shiwn  in  Figures  10  and  11  indicate  that  nitrogen 
oxides  are  not  an  important  bacteriocidal  mechanism  in  proteose 
peptone-elicited  macrophages  from  CD-I  mice  and  are  only 
important  in  a  few  cases  in  resident  macrophages  from  DBA/2  mice. 
Bacterial  concentrations  were  similar  in  arginine-free  and  arginine- 
containing  cultures  except  in  DBA/2  macrophage  cultures  treated 
with  IFN  alone,  in  which  the  number  of  bacteria  was  substantially 
greater  in  arginine-free  cultures.  These  results  suggest  that  the 
relative  role  of  nitrogen  oxides  (and/or  other  arginine-dependent 
mechanisms)  and  other  anti-microbial  mechanisms  depends  on 
mouse  strain  and  macrophage  activation  status. 

Figure  12  is  a  composite  of  all  assays  of  anti -Listeria  activity 
showing  the  difference  between  the  number  of  intracellular  bacteria 
at  2  hours  and  at  7  hours.  As  noted  above,  this  eliminates 
differences  in  bacteriai  numbers  which  may  be  due  to  different 
rates  of  phagocytosis  and  indicates  only  the  rate  of  bacterial  growth 
or  death.  Interstrain  differences  in  the  handling  of  Listeria 
monocytogenes  are  apparent.  Unactivated  resident  macrophages 
from  CD-I  mice  and  unactivated  proteose  peptone-elicited 
macrophages  from  C3H/HeN  and  DBA/2  mice  are  able  to  Kill  the 
bacteria.  Unactivated  proteose  peptone-elicited  macrophages  from 
Balb/c  mice  and  CD-I  mice  and  unactivated  resident  macrophages 
from  DBA/2  mice  did  not  prevent  growth  of  intracellular  Listeria. 
The  effects  of  activating  stimuli  were  also  strain  dependent.  In 
most  cases,  full  activation  with  LK  SUP  plus  LPS  or  IFN  plus  LPS 
improved  antimicrobial  function.  However,  none  of  the  activation 
stimuli  affected  the  growth  of  Listeria  in  Balb/c  macrophages,  and 
all  stimuli  decreased  the  anti-microbial  effectiveness  of  resident 
CD-I  macrophages.  These  strain  differences  as  well  as  differences 
in  elicitation  and  differences  in  the  use  of  LPS  could  explain 
conflicting  reports  of  enhancement  (8),  suppression  (15),  or  no 
effect  (26)  of  IFN  on  macrophage  Killing  of  Listeria  monocytogenes 
and  Salmonella  typhimurium. 

3.  Additional  Experiments  (Not  In  The  Original  Proposal) 

The  results  of  this  study  and  several  published  reports  indicate 
that  the  production  of  nitrogen  oxides  by  phagocytic  cells  is  an 
inducible  metabolic  activity  with  several  possible  biological 
functions  (1-5).  Production  of  large  quantities  of  nitrites  by 
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FIGURE  11.  Killing  of  Listeria  monocytogenes  by  resident 
macrophages  from  DBA/2  mice  cultured  with  or  without  arginine. 
Activation  and  anti -Listeria  assays  were  performed  as  described  in 
Figures  9  and  10.  Values  shown  are  means±standard  deviation  for 
triplicate  cultures. 
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FIGURE  12.  Changes  in  numbers  of  intracellular  Listeria 
monocytogenes  from  2  to  7  hours  after  addition  of  bacteria  (CFU  at  7 
hours-CFU  at  2  hours).  This  value  represents  the  rate  of  killing  of 
bacteria  which  have  been  ingested.  Positive  numbers  indicate 
growth  of  bacteria  within  the  macrophages,  and  negative  numbers 
indicate  a  decrease  in  the  number  of  intracellular  bacteria.  The  data 
shown  are  from  the  experiments  shown  in  the  following  figures: 
C3H/HeN,  Figure  4;  DBA/2  (proteose  peptone-elicited),  Figure  5; 
Balb/c,  Figure  8;  CD-I  (proteose  peptone-elicited),  Figure  10;  DBA/2 
(resident),  Figure  11;  CD-I  (resident),  Figure  9. 
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inflammatory  neutrophils  isolated  from  rats  has  recently  been 
reported  (5),  and  it  has  been  suggested  that  nitrogen  oxides  produced 
by  neutrophils  may  be  important  mediators  of  anti-microbial  action 
and  tissue  damage  in  acute  inflammation  (5).  Whether  this  might 
also  be  the  case  in  humans  is  not  known.  Although  nitric  oxide 
production  by  human  neutrophils  has  been  reported  (27),  the 
compound  was  detected  by  its  very  potent  action  as  an  inhibitor  of 
platelet  aggregation,  and  the  quantities  of  nitrogen  oxides  produced 
were  quite  low.  The  following  experiments  were  done  to  assess  the 
capacity  of  human  neutrophils  to  produce  nitrogen  oxides  as 
indicated  by  the  accumulation  of  a  stable  nitrogen  oxide,  nitrite. 

Human  neutrophils  were  isolated  from  blood  samples  provided 
by  several  volunteers  by  centrifugation  over  a  discontinuous  ficoil 
gradient  (1.077g/ml  over  1.119g/ml).  Neutrophils  were  56-98%  pure 
(by  differential  staining),  and  greater  than  95%  viable  (by  trypan 
blue  exclusion).  To  monitor  the  viability  and  metabolic  activity  of 
neutrophils  during  culture,  an  assay  was  developed  which  is  based  on 
the  ability  of  viable  cells  to  reduce  the  tetrazolium  compound  MTT 
to  an  insoluble  formazan  which  can  be  quantitated 
spectrophotometrically.  We  found  that  MTT  was  also  an  excellent 
indicator  of  neutrophil  respiratory  burst  activity.  A  manuscript 
describing  this  assay  is  in  press  (a  copy  is  included  in  this  report). 
This  assay  was  used  to  detect  a  stimulus-dependent  suppression  of 
the  respiratory  burst  by  two  organophosphorus  compounds, 
profenofos  and  phenyl  saligenin  cyclic  phosphate  (see  appended 
abstract  by  E.L.  Padgett  and  S.B.  Pruett).  The  latter  compound  is  an 
analog  of  the  active  metabolite  of  tri-o-cresyl  phosphate,  a 
compound  of  interest  to  the  Air  Force. 

In  several  experiments  using  neutrophils  and  autologous  serum 
from  5  different  donors  nitrite  production  was  undetectable  at  1,  3, 
8,  or  24  hours  of  culture.  The  addition  of  Group  B  Streptococci 
(heat-killed)  to  trigger  the  respiratory  burst  produced  measurable 
nitrites  (less  than  5pM)  from  1  to  24  hours  after  triggering,  but  two 
other  triggering  agents  (phorbol  myristate  acetate  and  opsonized 
zymosan)  produced  no  detectable  nitrites.  The  viability  and 
respiratory  burst  activity  in  selected  experiments  was  monitored  by 
the  MTT  assay,  and  the  celis  were  viable  and  metabolicaify  active. 
Since  the  initial  nitrogen  oxidation  product  (nitric  oxide)  can  react 
with  superoxide  produced  during  the  respiratory  burst,  superoxida 
dismuiase  (SOD)  was  included  in  some  experiments  to  eliminate 
superoxido.  As  expected,  SOD  inhibited  reduction  of  MTT  (see 
attached  manuscript),  but  no  increase  in  nitrite  concentration  was 
observed.  The  possibility  remained  that  neutrophils  activated  by 
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inflammatory  stimuli,  but  not  triggered  for  the  respiratory  burst, 
were  the  best  producers  of  nitrogen  oxides.  This  was  examined  by 
treating  neutrophils  with  the  priming  agents  LPS  (28),  Interferon- 
gamma  (29),  or  a  combination,  and  monitoring  nitrite  concentrations 
at  selected  time  points  from  1-24  hours.  Nitrites  were  not 
detectable  in  culture  supernates  at  any  time.  The  cell  density  for 
these  studies  was  3x105/well  (0.2ml).  The  same  density  of  murine 
macrophages  produced  up  to  50jiM  nitrites  in  other  experiments  in 
this  study  (Figure  10) 

These  results  suggest  that  human  neutrophils  are  not  capable  of 
producing  the  substantial  quantities  of  nitrogen  oxides  which  are 
required  for  anti-microbial  (3)  and,  presumably,  for  tissue  damaging 
effects.  Although  unlikely,  it  remains  possible  that  neutrophils 
activated  by  inflammatory  processes  in  vivo  may  acquire  this 
capability,  and  this  should  be  the  subject  of  future  research. 
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effort  with  Dr.  Johnathan  Kiel,  USAF  School  of  Aerospace  Medicine, 
Brooks  AFB,  TX,  This  work  has  resulted  in  #te  preparation  of  a 
manuscript,  "Stress  Response  of  Macrophages  to  Hyperthermia  and 
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and  I  plan  to  continue  this  coHaborative  effort. 
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f.  Discoveries,  inventions,  Specific  Applications 

Assessment  of  macrophage  function  and  its  alteration  by 
physical  or  chemical  agents  has  proven  to  be  one  of  the  most 
technically  difficult  areas  in  immunotoxicology.  The  results  of  this 
study  and  collaborative  efforts  with  Dr.  J.L.  Kiel  indicate  that  thiol 
production  by  macrophages  in  cult"re  could  be  an  excellent  indicator 
of  the  activation  status  of  these  ceils.  This  should  allow 
standardization  of  the  macrophage  populations  used  in 
immunotoxicoiogica!  assessments. 

A  new  assay  for  viability  and  respiratory  burst  activity  of 
human  neutrophils  was  developed.  This  assay  can  be  used  to  assess 
the  effects  of  physical  or  chemical  agents  on  these  cells  (see 
appended  abstract  by  E.L.  Padgett  and  S.B.  Pruett). 
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1166  RELATIONSHIP  OF  SELECTEO  MACROPHAGE  FUNCTIONS 
AND  ACTIVATION  STATUS.  J  N  Higginbotham  and 
S  B  Pruett,  Oept.  Biol.  Sci.,  Miss.  State  U., 
Miss.  State,  MS.  Sponsor:  J  £  Chambers 

Several  toxicants  affect  one  or  more  of  the 
immunological ly  important  functions  of 

macrophages.  Simultaneous  modulation  of 
several  of  these  functions  also  occurs  in 
response  to  various  macrophage  activation 
stimuli.  we  report  here  the  simultaneous 
assessment  cf  several  relevant  functions  ot 
macrophages  in  different  states  of  activation. 
Macrophages  were  obtained  from  the  p.  ritoneal 
cavities  of  DBA/2  mice  3  days  after 
elicitation  with  proteose  peptone.  The  cells 
were  pooled  and  placed  in  triplicate 

microtiter  cultures  and  treated  with 

recombinant  mouse  interferon  gamma  (500U/mi) 
(IFN),  IFN  and  1 ipopoly saccharide  (lOng/mi) 
(IPS),  or  culture  medium  only.  Production  of 
thiols  In  the  medium  was  increased  by  IFN  and 
further  increased  by  IFN/LPS.  Production  of 
after  stimulation  with  phorbol  myristate 
acetate  was  increased  equally  by  IFN  and 
IFN/LPS.  Tumor  cytotoxicity  was  only  evident 
In  macrophages  treated  with  IFN/LPS,  and 
listericldal  activity  was  decreased  fcy  IFN 
and  further  decreased  by  IFN/LPS.  These 
results  provide  a  point  of  reference  for 
future  studies  of  the  effects  of 
immunotoxi cants  on  selected  macrophage 
functions.  Supported  ty  AFOSR  89-0361. 


1162  EFFECT  OF  OfiGANOPHOSPHORUS  COMPOUNDS  ON 
PRODUCTION  OF  HjO,  BY  HUMAN  NEUTROPHILS. 

E  L  Padgett  and  S  B  Pruett,  Oept.  Biol.  Sci., 
Miss.  State  U. ,  Miss.  State,  MS  Sponsor: 

J,.  £  Ctiflafeaca- 

It  has  recently  been  suggested  that  neutrophil 
proteases  play  an  Important  role  in  the  events 
leading  to  H202  product  n.  Because  many 
organophospborus  compour  (OPs)  Irreversibly 
inhibit  serine  proteast.*,  we  examined  the 
effects  of  several  CPs  on  production  of  HjOj 
by  human  neutrophils.  H20t  production  was 
measured  by  oxidation  of  phenol  red  in  the 
presence  cf  horseradish  peroxidase  and  was 
triggered  by  phorbol  myristate  acetate 
f PMA)(200nM)  or  opsonized  zymosan  (.1-lmg/ml). 
Several  compounds  were  tested  initially  at 
lOOpM.  Diazlnon,  chlorpyrifos,  chlorpyrifos 
oxon,  aspon,  methyl  parathlon,  and  EPN-oxon 
had  no  significant  effect.  Profenofos  and 
phenyl  saligenln  cyclic  phosphate  inhibited 
PMA- Induced  H20,  production  by  approximately 
SOS  but  did  not  Inhibit  opsonized  zymosan- 
induced  H-Oj  production.  The  results  Indicate 
that  production  of  H20?  can  be  Inhibited  by 
concentrations  of  OPs  which  could  be  attained 
In  vivo  without  lethal  neurotoxicity. 
Supported  by  AFOSR  89-0361. 
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Abstract.  In  the  present  study,  we  have  examined  the  suitability  of  3-[4,5-dimethyithiazoI-2-yl)-2,5-diphe- 
nyitetrazolium  bromide  (MTT)  for  assessing  the  viability  and  respiratory  burst  activity  of  human  neutrophils. 
MTT  is  a  good  indicator  of  the  relative  viability  of  neutrophils  which  have  been  in  culture  up  to  24  h,  if  suffi¬ 
cient  serum  (10%  fetal  calf  serum)  is  present  in  the  medium  and  the  cells  being  compared  have  been  in  culture 
for  a  similar  period  of  time.  However,  it  is  not  suitable  for  exact  assessment  of  percent  viable  cells  in  a  cell  pop¬ 
ulation  with  low  viability.  The  effectiveness  of  MTT  as  an  indicator  of  respiratory  burst  activity  is  demon¬ 
strated  by  the  sharp  increase  in  MTT  reduction  induced  by  respiratory  burst  stimuli  and  by  the  ability  of  super- 
oxide  dismutase  to  inhibit  75%  of  MTT  reduction  by  stimulated  neutrophils.  Unlike  nitroblue  tetrazolium 
(which  is  reduced  primarily  intracellularly)  and  cytochrome  c  (which  is  reduced  extracellulariy),  MTT  is  ap¬ 
parently  reduced  botn  intracellulary  and  extraceliulary  by  activated  neutrophils. 


Assessment  of  neutrophil  viability  and  respiratory 
burst  activity  are  often  important  in  studies  of 
the  damaging  effects  of  inflammatory  neutro  ihils 
(PMN).  However,  conventional  viability  assay.,  may 
be  unreliable  due  to  adherence  of  activated  neutro¬ 
phils  to  surfaces  and  due  to  fragmentation  of  dead 
cells.  An  in  situ  assay  for  viability  would  solve  these 
problems.  Ideally,  respiratory  burst  activity  should 
also  be  measurable  with  a  simple  assay  using  the  same 
culture  conditions.  In  this  report  we  have  investigat¬ 
ed  the  use  of  the  tetrazolium  compound  3-[4,5-dime- 
thyithiazol-2-yl]-2,5-diphenyltctrazolium  bromide 
(MTT)  to  assay  both  parameters.  Viable  cells  reduce 
MTT  to  a  formazan  which  is  soluble  in  aqueous  iso¬ 
propanol  solution  and  exhibits  an  absorbance  maxi¬ 
mum  at  approximately  590  nm  [1].  This  phenomenon 
is  the  basis  for  a  widely  used  colorimetric  cell  growth 
and  viability  assay  [1-4].  Reduction  of  tetrazolium 
compounds  is  also  used  to  measure  the  respiratory 
burst  of  phagocytic  cells.  The  most  widely  used  com¬ 
pound  for  this  purpose  is  nitroblue  tetrazolium 
(NBT).  This  compound  is  reduced  by  superoxide 

'  Supported  by  gram  AFQSR-89-0361  from  the  US  Air  Force 
Office  of  Scientific  Research. 


which  is  produced  during  the  respiratory  burst  [5]  and 
possibly  also  by  intracellular  diaphorases  (6).  Essen¬ 
tially  all  the  formazan  produced  from  NBT  by  phago¬ 
cytic  cells  is  intracellular  or  closely  associated  with 
cells  [6]. 

The  chemical  similarities  between  NBT  and  MTT 
and  an  observation  by  M.  Salin  and  co-workcrs  [pers. 
commun.J  that  MTT  is  reduced  by  PMN  prompted  us 
to  investigate  the  use  of  MTT  to  assay  both  the  viabil¬ 
ity  and  the  respiratory  burst  activity  of  PMN. 

All  reagents  were  obtained  from  Sigma  Chemical 
Co.  (St.  Louis,  Mo.),  and  stock  solutions  were  stored 
in  small  volumes  at  -80“C  until  needed.  Blood  for 
isolation  of  PMN  was  obtained  by  venipuncture  in¬ 
to  tubes  with  EDTA  as  anticoagulant.  The  5  donors 
(2  female  and  3  male)  were  healthy  volunteers  aged 
20-35  years.  There  were  quantitative  differences  in 
MTT  reduction  by  PMN  from  different  donors,  but 
patterns  of  survival  and  response  to  stimuli  were  simi¬ 
lar  for  cells  from  at)  donors.  PMN  were  isolated  using 
a  discontinuous  Ficotl  gradient  consisting  of  9  ml  of 
1.077  g/ml  Ficoll  (Histopaque;  Sigma  Chemical  Co.) 
layered  over  9  ml  of  1.1 19  g/ml  Ficoll  in  a  50-ml  coni¬ 
cal  centrifuge  tube.  Eighteen  milliliters  of  blood  was 
layered  onto  the  gradient  and  the  tube  was  centri- 
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Fig.  1.  Effect  of  Increased  serum  concentration  on  the  ability  of 
neutrophils  to  reduce  MTT  after  24  h  in  culture.  Neutrophils  were 
cultured  for  2  h  (a)  for  24  h  (b)  in  medium  with  10%  FCS  before  ad¬ 
dition  of  MTT.  Some  cultures  were  stimulated  with  PMA  (200  n M) 
immediately  after  addition  of  MTT.  Absorbance  at  610  nm  was 
measured  2  h  after  MTT  addition.  HjOj  (I  m M)  was  added  to  some 
wells  at  the  beginning  of  the  culture  to  assess  the  effect  of  decreased 
cell  viability  on  MTT  production  by  stimulated  neutrophils.  The 
mean  ±  SD  is  shown  for  duplicate  wells  of  all  treatments. 


fuged  at  600  g  for  30  min.  PMN  isolated  from  the 
lower  interface  were  96-98%  pure  as  indicated  by  dif¬ 
ferential  counts  of  stained  (Cameo  Quick  Stain  II; 
Baxter  Scientific)  smears.  The  isolated  PMN  were 
washed  twice  with  calcium  and  magnesium-free  PBS 
containing  0.1%  bovine  serum  albumin  (low  endo¬ 
toxin  BSA;  Sigma  Chemical  Co.).  All  buffers  and  me¬ 
dia  were  adjusted  to  pH  6.9-7.0  immediately  before 
use.  The  cells  were  counted  by  hemocytometer  and 
resuspended  in  assay  medium  which  consisted  of 
RPM1  1640  with  penicillin-streptomycin  supplement 


with  fetal  calf  serum  (FCS)  at  1 , 2*  or  10%.  The  MTT 
assay  was  performed  by  two  different  methods.  In  the 
experiment  shown  in  figure  2,  the  method  of  Denizot 
and  Lang  [1]  was  used.  Briefly,  10  pi  of  MTT  solution 
was  added  to  1 00  pi  of  celt  suspension  in  a  96- well 
plate.  After  incubation,  the  supernate  was  inverted  to 
remove  supernates  and  the  formazan  crystals  which 
adhered  to  the  plate  were  resuspended  in  isopropanol 
(200  pi)  and  absorbance  at  610  nm  was  determined  us¬ 
ing  a  plate  reader  (Multiskan;  Flow  Labs).  Because  of 
occasionally  disparate  results  among  replicates  using 
this  method,  all  other  experiments  employed  the 
method  of  Mosmann  [2)  in  which  acidified  isopropa¬ 
nol  is  added  to  the  wells  without  first  removing  the 
culture  medium.  Due  to  the  rapid  response  to  some  of 
the  stimuli  used,  MTT  was  added  to  all  wells  before 
stimuli  were  added.  Preliminary  experiments  indi¬ 
cated  that  absorbance  at  610  nm  reached  a  maximum 
2  h  after  addition  of  stimulus.  Therefore,  absorbance 
was  measured  2  h  after  addition  of  MTT  (and  stimu¬ 
lus)  in  all  experiments.  In  some  experiments,  cell  via¬ 
bility  was  assessed  by  trypan  blue  exclusion.  If  the  to¬ 
tal  number  of  cells  (live  plus  dead)  at  the  end  of  the 
culture  period  was  less  than  the  initial  cell  number, 
the  difference  was  assumed  to  be  due  to  fragmenta¬ 
tion  of  dead  cells,  and  the  ‘missing*  cells  were  re¬ 
garded  as  dead  when  percent  viability  was  calculated 
17). 

PMN  viability  was  examined  at  several  time  points 
in  a  24-hour  culture  by  trypan  blue  exclusion  and 
MTT  reduction.  The  ability  of  unstimulated  PMN 
(2  x  10*  cells/0.2  ml)  cultured  in  1  or  2%  FCS  to  re¬ 
duce  MTT  decreased  to  nearly  undetectable  levels  by 
24  h  in  culture  (results  not  shown).  Trypan  blue  exclu¬ 
sion  indicated  that  viability  also  decreased,  but  42% 
of  the  cells  were  still  viable  at  24  h.  Opsonized  zymo¬ 
san  (OpZy)  (0.2  mg/ml)  [8]  and  formyl  methionine 
leucine  phenylalanine  (FMLP)  (I0~6  M)  increased 
MTT  reduction  during  the  first  2  h  of  culture  (absor¬ 
bance  at6I0nm  for  controls  -  0.!76±0.021;OpZy  - 
0.368  ±  0.04 1 ;  FM  LP  -  0.22 1  ±  0.0 1 5).  However,  these 
agents  had  little  effect  on  MTT  reduction  or  viability 
at  S,  10,  or  24  h.  In  contrast,  phorbot  myristate  acetate 
(PMA)  caused  an  initial  increase  in  MTT  reduction 
foitowed  by  a  decrease  to  background  levels  within 
4  h.  This  paralleled  a  loss  of  cellular  integrity  as  ob¬ 
served  microscopically,  but  accurate  data  could  not 
be  obtained  for  trypan  blue  exclusion  due  to  the  ad¬ 
herence  of  treated  celts  to  the  wells. 

Increasing  the  serum  concentration  from  1  or  2% 


to  10%  caused  unstimulated  PMN  to  retain  most  of 
their  MTT  reductive  capacity  during  a  24-hour  cul¬ 
ture  (fig.  1).  However,  MTT  reduction  in  response  to 
PMA  decreased  by  more  than  50%  as  indicated  by 
comparing  results  in  the  2-hotir  culture  with  those  in 
the  24-hour  culture  (fig,  1).  Cell  death  induced  by  ex¬ 
ogenous  H202  decreased  the  quantity  of  MTT  reduc¬ 
tion  noted  in  cells  stimulated  with  PMA  after  24  h  in 
culture  (fig.  1).  The  decreases  in  MTT  reduction  paral¬ 
leled  the  diminished  numbers  of  intact  cells  observed 
microscopically  and  in  micrographs  (not  shown). 

The  simplest  approach  in  using  the  MTT  assay  to 
determine  the  percent  viability  of  an  unknown  cell 
population  would  be  to  establish  a  standard  curve  of 
cell  number  vs.  MTT  reduction  (absorbance  at  610) 
using  a  population  of  cells  with  known,  high  viability. 
Given  the  initial  cell  number  in  an  unknown  sample, 
the  number  of  viable  cells  remaining  at  a  given  time 
point  (and  thus,  the  percent  viability)  could  be  deter¬ 
mined  by  comparison  to  the  standard  curve.  How¬ 
ever,  such  a  procedure  would  only  be  valid  if  the 
standard  curve  and  a  similar  curve  obtained  using  a 
partially  viable  cell  population  have  similar  slopes. 
The  results  shown  in  figure  2  demonstrate  that  this  is 
not  the  case  for  the  predominantly  viable  and  pre¬ 
dominantly  nonviable  cell  populations  used  in  this 
experiment.  The  slopes  are  significantly  different 
(p  <  0.05;  determined  as  described  by  Zar  [9])  for  these 
two  populations,  suggesting  that  it  would  not  be  valid 
to  use  a  standard  plot  with  live  cells  to  determine  per¬ 
cent  viability  of  an  unknown  sample.  Thus,  MTT  can 
be  a  useful  indicator  of  the  relative  viabilities  of  PMN 
populations  cultured  under  similar  conditions,  but  it 
may  not  be  suitable  for  precise  quantitation  of  per¬ 
cent  viability  in  predominantly  nonviable  cultures. 

Superoxide  dismutase  (SOD)  at  250  U/ml  inhib¬ 
ited  MTT  reduction  by  PMA-stimulated  PMN  by  ap¬ 
proximately  50%,  but  inhibition  was  minimal  in  un¬ 
stimulated  cells  or  with  boiled  SOD  (results  not 
shown).  Higher  concentrations  of  SOD  diminished 
MTT  reduction  by  unstimulated  cells  but,  once  again, 
not  to  as  great  an  extent  as  noted  for  PMA-stimulated 
cells.  The  absorbance  value  for  non-activated  cells 
(3.5  x  10s  cells/well)  was  0.17610.015,  whereas  the 
value  in  the  presence  of  1,250  U/ml  SOD  was 
0.106  1  0.005.  For  PMA-activated  cells  (1.5  x  105 
cells/ well),  the  corresponding  values  were  0.182 
10.035  and  0.044  1  0.010,  respectively.  Thus,  MTT 
reduction  by  activated  PMN  is  predominantly  super- 
oxide-mediated.  In  addition,  the  data  in  figure  1  indi- 
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Fig.  2.  Comparison  of  MTT  reductions  vs.  cell  density  plots  for 
predominantly  live  and  predominantly  dead  (freeze-thaw)  neutro¬ 
phils.  Neutrophils  at  2  x  IGVml  in  medium  with  10%  FCS  were  in¬ 
cubated  at  room  temperature  for  20  min  or  placed  in  a  -80°C 
freezer  for  15  min  then  thawed  in  a  37“C  water  bath  (freeze-thaw) 
before  being  placed  in  culture  wells  at  the  indicated  densities.  MTT 
was  added  to  all  wells  and  PMA  (200  n  Af)  to  some,  and  absorbance 
at  610  nm  was  measured  2  h  later.  Viability  of  unstimulated  cells 
was  determined  by  trypan  blue  exclusion  at  the  same  time  (2  h  after 
MTT  addition)  and  is  shown  above  the  corresponding  plots.  Values 
shown  are  means  for  duplicate  wells.  Standard  deviations  were 
never  greater  than  20%  of  the  mean. 


cate  that  at  low  cell  densities,  only  stimulated  PMN 
reduce  measurable  quantities  of  MTT.  Under  these 
conditions,  this  assay  would  exclusively  detect  MTT 
reduced  as  a  result  of  the  respiratory  burst.  Micro¬ 
graphs  taken  30  min  after  PMA  stimulation  demon¬ 
strate  abundant,  extracellular  formazan  crystals  as 
well  as  cell-associated  formazan  (fig.  3).  SOD  (625  U/ 
ml)  inhibited  formation  of  most  of  the  extracellular 
formazan,  but  deposits  which  appeared  to  be  intracel¬ 
lular  were  still  present  (fig.  3).  This  reduction  of  MTT 
both  intracellularly  and  extracellularly  contrasts  with 
the  exclusively  extracellular  reduction  of  cytochrome 
c  [6]  and  the  exclusively  intracellular  reduction  of 
NBT  [6]. 

In  summary,  MTT  can  be  used  to  assess  the  rela¬ 
tive  viability  and  the  respiratory  burst  activity  of 
PMN,  but  may  not  be  suitable  for  precise  quantita¬ 
tion  of  percent  viability  of  predominantly  nonviable 
cell  populations.  It  appears  to  be  reduced  both  intra- 
cellularly  and  extracellularly  by  activated  PMN,  and 
is,  therefore,  unique  among  the  agents  most  com¬ 
monly  used  to  assess  the  respiratory  burst. 
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Fig.  3.  Effect  of  SOD  on  generation  of  extracellular  formazan 
crystals  by  neutrophils.  Neutrophils  (2xlOVwell)  were  treated 
with  MTT  and  the  cells  in  a  received  SOD  (625  U/ml)  and  PMA 
(200  n M),  whereas  cells  in  b  received  PMA  (200  n  M)  but  not  SOD. 
Magnification  is  400  x  and  the  micrographs  were  taken  30  min 
after  addition  of  MTT. 
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